The location and structural characteristics of the membranous organelles in the cells of local lesion area produced by cucumber mosaic virus (CMV) in cowpea (Vigna sinensis (L.) Endl. var. sesquipedalis;
Introduction
Electron micrographs of the sections of plant cells have often revealed complex membranous structures, appearing as clusters of vesicles and tubules, and as membranous whorls 6, 8, 12, 18, 19, 21, 22 ), Similar structures have been observed in many bacteria (reviewed by van Iterson17)), fungi (reviewed by Bracker4)) and algae 1,2,3,7). The structures which gram-positive bacteria possess were named mesosome by Fiz-James13).
On the other hand, Moore and McAlear23) coined the name lomasome (=border body) to describe the structures such as those observed in a matrix between the cell walls and plasmalemmas in the hyphae of several species of fungi. The occurrence of such membranous structures in higher plants was first reported by Manocha and Shaw19) in mesophyll cells of Khapli wheat, and they applied the term lomasome, as in the case of fungi.
However the role of such membranous structures in the cells of higher plants have been obscure, and needs further investigations.
In the cells of local lesion area produced by cucumber mosaic virus (CMV) in *Laboratory of Plant Pathology , Faculty of Agriculture, Tohoku University, Sendai 980, cowpea leaf, the writer has often found unusual complex membranous organelles. Results of the observations on the location and structure of these membranous organelles in healthy and virus infected cells of cowpea leaf have been discussed in this paper in an attempt to elucidate their possible functions.
Materials and Methods
Plant and Virus. Cowpea (Vigna sinensis (L.) Endl. var. sesquipedalis cv. Kurodane-sanjaku) was grown in a growth cabinet maintained at 28C during a 12 hr day (light intensity, 12,000lux) and at 25C for 12hr night. Fully expanded primary leaves about 2-week-old plants were dusted with carborundum and inoculated with the ordinary strain of CMV. Electron microscopy. The leaf fragments containing local lesion areas and those of healthy controls were fixed for 2hr in a chilled solution of 2% glutaraldehyde and 2% acrolein buffered with 0.01M phosphate buffer, pH 7,0 at 4C. The tissues were then washed with phosphate buffer, postfixed in 2% osmium tetroxide, dehydrated through a graded series of ethanol-propylene oxide, transferred into a mixture of propylene oxide and Epon, and then embedded in Epon 812.
Ultrathin sections were prepared with a Porter-Blum ultramicrotome.
The sections were placed on grids coated with collodion film, stained with aqueous uranyl acetate and lead citrate, and examined with a JEM 100B electron microscope (Japan Electric Optics Laboratory Co. Ltd.).
Results
In the healthy leaf, the membranous structures were seldom observed in the mesophyll cells, but frequently seen in the central vacuole of phloem cells ( Fig. 1 ) and that of epidermal cells ( Fig. 2A) .
The structures were typically spherical measuring 1 to 2m in diameter, and contained a small number of tubules and whorls.
In the inoculated leaves, it was detected through hourly microscopic observation of the leaf that cells in some parts of the mesophyll tissue began shrinking at 11hr after inoculation.
Soon these parts of the leaf turned visual as greyish spots. These shrinkage induced in mesophyll cells of the infected leaf were the first sign of appearance of the necrotic local lesions due to virus multiplication as reported previously9,22). In these dying cells, the cell organelles such as nucleus, chloroplasts, and mitochondria began to be deformed, and unusual tubular membranous aggregations appeared between the cell wall and the cytoplasm ( Fig. 3 ). Simple whorled membranes were observed in the remnant of the central vacuole ( Fig. 4 ). At about 15hr after inoculation, the shrinking cells described above had became brown and dead completely, and externally these portions were seen clearly as a necrotic local lesion.
The mature lesion area averaged 0.3mm in diameter. In the necrotic cells in typical virus-induced lesions, although the remnants of cytoplasm were seen as black electron-dense area, the remnants of membranous tubular or whorled organelles were seen in the electron-lucent areas in the vicinity of the cell wall ( Fig. 5 ) as well as in the central part where vacuoles existed originally (Fig. 6) . The size and structure of the organelles at this stage were seemed essentially the same as those in the cells at the shrinking stage, although a large number of the organelles in the vacuole had collapsed.
The cells in a ring of one to two cells beyond the necrotic area frequently bore enlarged and complex membranous organelles in the form of a knot of anastomosing tubules (Figs. 3, 7, 9, 10) , although small and simple membranous bodies were also occasionally found ( Fig. 8) .
Especially in the cells next to the necrotic cells, most of the organelles were observed in the vacuole on the side adjacent to the necrotic cells ( Figs. 7, 8) .
The largest size of the membranous structure was about 10m in diameter.
Observations on these complex membranous bodies under high magnifications revealed that their internal tubules were limited by a unit membrane about 60A thick, and seemed to be continuous with each other (Fig. 9) .
The organelles protruding into the vacuole were enveloped with the tonoplast; morphologically the membranous organelles were enveloped by two membranes, an outer tonoplast and an inner plasma membrane ( Figs. 2A, B) , and probably the vesicles and the tubules owed their derivation from the plasma membrane.
Some of the complex membranous organelles in sectional view did not show structural continuation either with plasma membrane of tonoplast ( Fig. 10 ).
This may probably be due to two reasons as follows.
One is due to elimination of sections in the plane of the connected part, because the part is probably a remarkably closeness, and other is that some of the organelles had been pinched off from basal node into the vacuole.
As time elapsed, the cells which had enlarged complex membranous organelles nearest the lesion edge also turned light brown in color, and died.
As reported previously10) virus particles were found in the cells of the central part of the local lesions, although in small quantities, while they could not be found in the cells surrounding the necrotic cells which had the enlarged membranous organelles. In non-infected cells distant from the lesion areas, the form and location of the membranous organells were essentially the same as those in the healthy leaves.
Discussion
On the electron microscopic observations of the process of local lesion formation on cowpea leaves infected with CMV, the writer has often found a formation of unusual comlex membranous organelles in the necrotic and its neighboring cells. In fact, such organelles were found also in healthy cells with simpler structure than in the infected cells.
These membranous organelles seem to arise as a consequence of invagination of the plasma membrane, thus, the outer and inner membranes of the organelles has often observed in continuation with tonoplast and plasma membrane, respectively.
The inner complex structure is probably formed following a localized growth of plasma membrane forming tubules.
The complex membranous organelles structually resemble bacterial mesosomes and fungal lomasomes.
In bacteria, since the mesosomes are often in contact with the nuclear area15,16,25), they are assumed to have a function as a mediator between the nucleous and cell membrane.
In fungi, the lomasomes often appear in the vicinity of the cell wall of the hyphae and haustoria, and assumed to be involved in absorption24) and secretion processes5,23).
In algae, lomasomes have been stated to be involved in the organization of cell wall structure or the systhesis of cell wall material7).
Also, in higher plants, the possible relationship of the membranous organelles to deposition of cell wall materials in growing cells have been assumed6,26). However, in matured or degenerating cells, furthermore when such organelles are developed protruded in the vacuole, it is difficult to envisage that the organelles play a role in deposition of cell wall materials.
In the healthy cowpea cells, the membranous organelles usually protruded into the vacuole and they frequently appeared in phloem elements which have an important function in translocation.
On the other hand, in the cells dying due to viral infection, the tubular membranous structure developed in the vicinity of the cell wall or in the vacuole.
Various mal-substances may result as a consequence of destruction of cellular components and metabolic changes during process of dying.
Accumulation of these substances in the cytoplasm might prove toxic to the cell.
In this case, the organelles may be supposed to play a role in the excretion of the harmful substance to cell outside or into the vacuole, for a long survival of the ailing cell. Next, the development of large complex membranous organelles in the vacuole of the cells surviving around the dead cells could be interpreted for two possible reasons; (1) to safeguard the cells from receiving direct influx of harmful substances from the already dead cells into its cytoplasm by driverting the flow of these substances into the vacuole, and (2) that they dispose off the harmful substances accumulated in the vacuole resulting from physiological abnormalities in the cell induced by extracellular influences of the nearby diseased and consequently dead cells. The former possibility is more likely when the complex membranous organelles occur in the vacuole along the side in contact with a dead cell.
In fact, such cells surrounding the lesions showing physiological abnormalities9) were virus free10) and highly resistant to re-inoculation11).
Similar enlarged membranous organelles have often been observed to develop in tobacco cells infected systemically with the yellow strain of CMV13) and with the ordinary strain of CMV (Ehara, unpublished) .
It, thus, appears that such intracellular membranous organelles may develop with complex structure in response to some physiological changes in the cell regardless of its subsequent survival or death. It is clear that the envelope is bounded by two membranes, an outer membrane continous with tonoplast (arrow, a), and inner one continuous with plasma membrane (arrow, b). Fig. 3 . The tubular membranous aggregation (arrow) developed near the cell wall of the infected mesophyll cell, which are dying. Fig. 4 . The membranous organelles in the collapsed vacuole of the dying mesophyll cell. Fig. 5 . The remnants of the organelles with simple whorl membranes, in the vicity of the cell wall of the necrotic cell. Fig. 6 . The remnants of the membranous organelles in the collapsed vacuole of a necrotic cell. Fig. 7 . The large, complex, membranous organelles in the vacuole of the cell adhering to a necrotic cell. Fig. 8 . Comparatively small membranous organelles in the vacuole of the cell adhering to a necrotic cell. Fig. 9 . High magnification of an inner-structure of a membranous organelle in the vacuole of a cell in the region surrounding necrotic cells. The tubules are delimited by the unit membrane. 
